ABSTRACT: Methane-derived carbon may be an important, but overlooked source of energy fueling food webs in a variety of aquatic ecosystems. Although it is commonly assumed that the flow of methane-derived carbon is regulated by aquatic invertebrate consumption of methane-oxidizing bacteria (MOB), few studies have characterized this trophic interaction. We used stable isotope analysis, bioassay experiments, and PCR-based molecular techniques to investigate the interactions between Daphnia and MOB in the pelagic region of a humic lake located in southwestern Michigan, USA. We observed moderate depletion of 13 C in the plankton, but these data alone could not provide evidence for the consumption of MOB by Daphnia. Using quantitative PCR, we determined that MOB attained relatively high densities in the water column (3% of the bacterial community), but we found no evidence that they were grazed upon by Daphnia. Moreover, our results do not support the hypothesis that Daphnia harbored symbiotic MOB. Therefore, the isotopic composition of Daphnia could not be explained by direct trophic interactions with MOB, suggesting the potential importance of indirect trophic interactions (e.g. consumption of MOB-feeding protists) or other processes that alter the isotopic composition of zooplankton resources (e.g. CO 2 recycling). 
INTRODUCTION
A fundamental goal of aquatic ecology is to understand how different sources of energy influence population, community, and ecosystem dynamics. While photosynthesis serves as the principal energy base in many systems, it is now recognized that aquatic food webs are fueled to varying degrees by other pathways involving the microbial loop (Azam 1998), terrestrial subsidies (Jansson et al. 2007) , and benthic-pelagic coupling (Vander Zanden et al. 2005 ). An additional energy pathway that has attracted increasing interest is the potential for methane-derived carbon to be incorporated into aquatic food webs (Bastviken et al. 2003) .
Significant quantities of methane (CH 4 ) are produced in anaerobic sediments of aquatic ecosystems. Owing to strong isotope fractionation during methanogenesis, CH 4 has a 13 C-depleted isotope signature (δ 13 C = -110 to -50 ‰) that is distinct from other carbon sources in aquatic environments (Summons et al. 1994) . Over the past few decades, many studies have attempted to reconstruct the flow of energy in aquatic food webs via inferences based on carbon stable isotope ratios (e.g. Peterson & Fry 1987) . Some of these studies have revealed that consumer populations (e.g. chironomids and crustacean zooplankton) in a variety of habitats have very low δ 13 C values (Bunn & Boon 1993 , Jones et al. 1999 , 2008a , Grey et al. 2004 , Kohzu et al. 2004 ). Such observations have led to the hypothesis that a significant fraction of aquatic consumer diets may be comprised of CH 4 -derived carbon. For example, results from a whole-lake isotope manipulation suggest that up to 50% of Daphnia biomass may come from CH 4 (Taipale et al. 2008) . Relatively few studies, however, have attempted to discern how CH 4 -derived carbon is incorporated into aquatic food webs (but see Deines et al. 2007) .
One way that CH 4 -derived carbon may enter aquatic food webs is through the consumption of CH 4 -oxidizing bacteria (methane-oxidizing bacteria [MOB] or methanotrophs). MOB, most of which belong to the alpha-and gamma-Proteobacteria, use CH 4 as a carbon/energy source and oxygen (O 2 ) as a terminal electron acceptor. MOB are commonly found in aquatic sediments, where they co-occur with 13 C-depleted invertebrates (Eller et al. 2005) . Isotope labeling experiments have shown that 13 C depletion of chironomids is most likely due to the consumption of MOB . MOB also inhabit the water column of lakes and are abundant at transitions zones where there are high concentrations of O 2 and CH 4 (Carini et al. 2005) . Zooplankton that encounter and feed on MOB in the lake water column should have a 13 C-depleted isotopic signature. Support for this hypothesis comes from laboratory experiments that incubated Daphnia under elevated CH 4 concentrations (Kankaala et al. 2006) . Moreover, a recent study found that 13 C-depleted Daphnia tend to have a high proportion of MOB phospholipid fatty acids (Taipale et al. 2009b ). Together, these results suggest that the consumption of MOB may sometimes be an important trophic pathway for CH 4 -derived carbon in aquatic food webs.
A symbiotic association between aquatic invertebrate consumers and MOB is an alternative explanation for patterns of 13 C-depletion in aquatic food webs. Marine invertebrates commonly form symbiotic relationships with MOB near hydrocarbon seep environments (Childress et al. 1986 , Schmaljohann et al. 1990 . Although MOB symbionts were not found in sediment-dwelling chironomids with 13 C-depleted isotope signatures , growing evidence suggests that freshwater zooplankton often establish symbiotic relationships with a variety of microorganisms. For example, fluorescent in situ hybridization (FISH) and metagenomic screening has revealed that there are diverse assemblages of symbiotic bacteria associated with different Daphnia species (Peter & Sommaruga 2008 , Qi et al. 2009 ). Daphnia can form mutualistic associations with epibiotic algae (BareaArco et al. 2001 ) and endosymbiotic plastids (Chang & Jenkins 2000) , but also harbor bacterial parasites (Rodrigues et al. 2008 ). Many of these relationships between bacteria and Daphnia have demonstrable implications for symbiont and host population dynamics (Ebert et al. 2000) , as well as for food web interactions (Hall et al. 2005) .
Regardless of the mechanism of interaction, it appears that the importance of CH 4 -derived carbon in aquatic food webs is spatially and temporally variable (Jones et al. 2008a , Taipale et al. 2008 . For example, it has been hypothesized that CH 4 flow may be stronger in humic lakes because inputs of terrestrial-derived dissolved organic carbon (DOC) create conditions that promote methanogenesis (Jones et al. 1999 , Houser et al. 2003 , Lennon et al. 2006 . In addition, the consumption and incorporation of CH 4 into lake food webs appears to be highest in the fall, following summer stratification (Taipale et al. 2008) . Based on these observations, we used a combination of stable isotope analysis, molecular biology, and bioassay experiments to assess the interactions between MOB and Daphnia in a humic lake prior to autumnal mixis. Our goal was to identify the mechanisms of interaction (consumptive or symbiotic) between MOB and Daphnia and, thus, clarify the microbial processes that influence the flow of CH 4 -derived carbon in planktonic food webs.
MATERIALS AND METHODS
Site description and sample collection. We collected water samples from Brandywine Lake located in southwestern Michigan (Van Buren County), USA, during mid-September 2008. Brandywine is a 29 ha, darkly stained, and productive waterbody (DOC = 23.5 mg l , Secchi depth = 0.75 m). We measured temperature, pH, and O 2 at 0.5 m intervals with a Hydrolab Quanta probe (Hach Environmental). Using a horizontal Van Dorn sampler, we collected water at 0.5 m intervals from the surface to the maximum depth at 6 m. These water samples were used for chemical, stable isotope, and molecular analyses. In addition, we used a 10 l Schindler-Patalas trap with an 80 µm mesh to capture zooplankton at 1 m intervals from 1 to 6 m depth. We identified crustacean zooplankton under a dissecting microscope according to Edmondson (1959) . The zooplankton community in Brandywine Lake at the time of our sampling was dominated almost exclusively by Daphnia rosea, which is currently recognized as D. dentifera (Hebert 1995) . The zooplankton samples were used for carbon stable isotope ratios, a bioassay experiment, and molecular analyses.
Stable isotope analyses. We measured the carbon stable isotope ratios of particulate organic matter (POM) and Daphnia for samples collected along a depth profile. For POM, we pre-filtered 150 ml of water from each depth through a 35 µm mesh and then collected this filtrate on pre-combusted GF/F filters (0.7 µm). For Daphnia, we separated 75 to 100 ind. from large phytoplankton under a dissecting microscope and then filtered these animals onto precombusted GF/F filters. The filters were dried at 60°C prior to being analyzed at the Stable Isotope Facility of the University of California-Davis with a PDZ Europa trace gas analyzer and a continuousflow Europa 20/20 isotope ratio mass spectrometer (IRMS). Carbon stable isotope ratios were expressed using delta notation: δ 13 C = [(R sample /R reference ) -1] × 1000, where R is the ratio of 13 C to 12 C for samples and reference material (Vienna Peedee Belemnite).
Bioassay experiments. We conducted a bioassay experiment to test for a potential symbiotic relationship between Daphnia and MOB. We measured the rates of CH 4 oxidation in incubations with and without Daphnia (+D and -D, respectively). We predicted that CH 4 oxidation would be higher in +D than in -D treatments if Daphnia harbored symbiotic MOB. Prior to initiating the experiment, we rinsed all of the field-collected Daphnia (pooled from the 4 to 6 m samples) to reduce the transfer of free-living MOB into the incubation vessels (160 ml serum bottles). Specifically, Daphnia were isolated from 10 ml of field-collected zooplankton sample and concentrated to 3 ml in a glass Petri dish using a Pasteur pipette. The Daphnia were then resuspended with 7 ml of sterile COMBO medium (Kilham et al. 1998 ). This concentration-dilution procedure was repeated 4 times. For the +D treatment, we randomly assigned 50 Daphnia into replicate (n = 5) serum bottles containing 100 ml of sterile COMBO medium. For the -D treatment, serum bottles with no animals (n = 5) were filled with 100 ml of sterile COMBO medium. Approximately 5 ml of the zooplankton-rinsing medium was introduced to the serum bottles in the +D treatment. Therefore, as a control, we introduced 5 ml of the same rinsing medium to the -D serum bottles. Each 160 ml serum bottle was crimper-sealed with a 10 mm rubber septum and aluminum cap. We then added 10 ml of a 10:90 CH 4 -He mix to the headspace of the +D and -D serum bottles while simultaneously removing 10 ml of air to maintain ambient air pressure. This gas addition raised the concentration of dissolved CH 4 to 14 µmol l -1 . All serum bottles were incubated in the dark at room temperature for 90 h during which time there was negligible Daphnia mortality.
Gas analyses. We measured CH 4 and carbon dioxide (CO 2 ) concentrations in Brandywine Lake by adding 50 ml of a water sample to duplicate gas-evacuated serum bottles (160 ml). Upon returning to the laboratory, we added 50 ml of saturated NaCl solution and 60 ml of He to each serum bottle (Lennon et al. 2006) . The bottles were shaken vigorously prior to injecting 5 ml of headspace into a Shimadzu gas chromatograph (GC-14A) equipped with thermal conductivity (TCD) and flame ionization (FID) detectors. CH 4 was separated with a Molecular Sieve 5A column and quantified by the FID. CO 2 was separated from the same gas samples by a Porapak-Q packed column and quantified by the TCD. Absolute concentrations of CH 4 and CO 2 were determined using single-point calibration with a mixed gas standard (Scotty Specialty Gases). Concentrations of CH 4 and CO 2 in the headspace of bioassay incubations were measured in a similar manner, but without saturated NaCl dissolution, and dissolved gas concentrations were estimated using Henry's Law.
Molecular analyses. We measured the abundance of MOB and total bacteria, both in the water column and in association with Daphnia, at various depths in Brandywine Lake. For quantification of MOB in the water column, 150 ml of whole lake water from each Van Dorn sample was collected onto a 0.2 µm filter and stored at -20°C until further processing. For Daphnia, we processed live animals to gain insight into the potential physical association between MOB and zooplankton. Specifically, we isolated a total of 30 Daphnia from each of 3 depths (4, 5, and 6 m) in the lake. All of these animals were rinsed multiple times with sterile COMBO to minimize the inclusion of free-living MOB in DNA extractions (see subsection 'Bioassay experiments'). Half of the animals from each depth were transferred to tissue culture flasks (70 ml) containing sterile COMBO media. These animals were held at room temperature in the dark for 48 h to allow for gut evacuation (-G). The remaining animals with intact guts (+G) were placed directly into 2 ml centrifuge tubes. Both sets of animals (+G and -G) were stored at -20°C until DNA extraction.
We extracted DNA from 0.2 µm filters (water samples) and Daphnia (+G and -G) using a FastPrep DNA purification kit (MP Biomedical). Then, 5 to 10 ng of extracted DNA was used in all PCR and qPCR (quantitative polymerase chain reaction) runs. We generated qPCR standards by amplifying and cloning targets for each qPCR primer set from our Brandywine Lake water samples. Following PCR with qPCR primer sets and published conditions (Table 1 ; Kolb et al. 2003) , we gel purified and cloned the products using a SpinPrep gel DNA kit (Novagen) and a TOPO TA cloning kit (Invitrogen). PCR with M13 primers was conducted on clones containing the qPCR amplicons, and we again gel purified the product using a SpinPrep gel DNA kit. We quantified the gel-purified M13 products using a Quant-iT PicoGreen dsDNA assay kit (Invitrogen) and used the purified products as standards for the corresponding qPCR assay. In addition, we used general pmoA and 16S rDNA PCR to determine if bacteria and MOB were associated with Daphnia (+G and -G). PCR primers (pmoA: A189F, 5'-GGN GAC TGG GAC TTC TGG-3'; A682r, 5'-CGS AAG AAG AGN CGS AAG-3'; 16S rDNA: 8f, 5'-AGA GTT TGA TCM TGG CTC AG-3'; 1492r, 5'-GGT TAC CTT GTT ACG ACT T-3') and conditions have been published elsewhere (McDonald et al. 1999 , Jones et al. 2008b . We assessed the pres-ence or absence of PCR products by visualizing gels (1.5% agarose gels run at 50 V) with a Gel Logic 200 gel imaging station and Kodak Molecular Imaging Software V 4.5.0
We used previously published qPCR assays for pmoA genes (Kolb et al. 2003) . Primer sequences and qPCR conditions are listed in Table 1 . The qPCR was conducted using BioRad iQ SYBR Green Mastermix and an Eppendorf Mastercycler ep realplex 2 qPCR thermocycler. Standard curves and samples were run in duplicate for all assays. Standard curves always had efficiencies of between 0.9 and 1.1. Based upon negative control reactions and standard curves, our detection limit for all pmoA qPCR assays was ~10 copies.
RESULTS

Stable isotope profiles
The carbon stable isotope ratios of particulate organic matter (δ 13 C POM ) varied along the depth profile, with the most depleted value (-33 ‰) observed at 5 m and the most enriched value (-27 ‰) observed at 3 m near the oxycline (Fig. 1) . The carbon stable isotope ratios of Daphnia (δ 13 C DAPH ) were much less variable (range = -32 to -34 ‰; Fig. 1 ), but were consistently depleted relative to δ 13 C POM (paired t-test, p = 0.002, mean difference = -2.85 ‰). There was a negative linear relationship between δ 13 C POM and pmoA gene abundance (r = -0.56, n = 13, p = 0.048), suggesting that the isotopic composition of the putative food source for zooplankton may have been influenced by MOB. However, there was no relationship between δ 13 C DAPH and pmoA gene abundance (r = -0.36, n = 6, p = 0.49).
Distribution and abundance of MOB
The patterns of MOB abundance in the water column were correlated with concentrations of O 2 and CH 4 in Brandywine Lake (Fig. 2A) . As expected for a humic lake, O 2 concentrations declined rapidly with depth, reaching anoxic levels near the sediments ( Fig. 2A) . In contrast, CH 4 concentrations were extremely low at shallow depths and highest near the sediments ( Fig. 2A) . Along this depth gradient, we observed major changes in the relative abundance of MOB. The maximum contribution of MOB to the total bacterial community (~3%) occurred at 5 m. Even though pmoA genes were detected throughout the water column with qPCR, the relative abundance of MOB steeply dropped off in samples above ~4 m ( Fig. 2A) .
Our results indicate that Type I MOB were the primary CH 4 oxidizers present in Brandywine Lake. Although we detected pmoA genes for Type II MOB, these taxa were ≥20-fold less abundant (100 to 500 copies ml -1 ) than Type I MOB. Interestingly, our data provide evidence for potential vertical niche-partitioning between 2 of the predominant members of Type I MOB (Fig. 2B) 
MOB association with Daphnia
Our molecular analysis of zooplankton-associated bacteria did not indicate that there was a strong consumptive or symbiotic relationship between Daphnia and MOB in Brandywine Lake. Had pmoA genes been recovered from animals with intact guts (+G), then this would have suggested that MOB were a component of D. dentifera's diet. Alternatively, had pmoA genes been recovered from gut-evacuated animals (-G), then this would lend support to the hypothesis that MOB might have a symbiotic relationship with D. dentifera. Although we were able to detect bacteria associated with Daphnia, based on 16S ribosomal RNA genes, we were unable to detect pmoA genes associated with Daphnia, regardless of whether the animals had intact (+G) or evacuated guts (-G) (Fig. 3) .
Bioassay experiments
Rates of CH 4 oxidation were 25% lower in the presence of Daphnia (+D) relative to the control (-D) treatment (t-test, p < 0.001; Fig. 4 ). Although the CH 4 oxidation rates were low, our results imply that the inoculum of COMBO medium that was used to rinse the zooplankton contained some MOB. More importantly, the results do not support the hypothesis that there is a symbiotic relationship between Daphnia and MOB. Rather, the results from our bioassay experiment suggest that Daphnia suppressed rates of CH 4 oxidation by grazing upon MOB. In addition, rates of CO 2 production were 550% higher in the +D treatment relative to the -D treatment (t-test, p < 0.001), suggesting that Daphnia were metabolically active during the duration of the bioassay.
DISCUSSION
Recently, ecologists have become interested in CH 4 as an alternative carbon and energy source in aquatic ecosystems. Observations that zooplankton biomass in many aquatic ecosystems is consistently depleted in 13 C relative to their putative food source (i.e. POM; del Giorgio & France 1996) suggest that CH 4 may support secondary production in some aquatic food webs (Bunn & Boon 1993 , Jones et al. 1999 . It has been hypothesized that the flow of CH 4 -derived carbon may be strongest in systems that have high concentrations of terrestrial-derived DOC because humic and fulvic acids create physical and chemical conditions that promote methanogenesis (Jones et al. 1999 , Houser et al. 2003 . In the present study, we observed that carbon pools in Brandywine Lake were moderately depleted in 13 C and that δ 13 C DAPH was significantly lower than δ 13 C POM . Daphnia with comparable carbon isotope signatures have been shown to derive from 1 to 3% of their phospholipids from MOB (Taipale et al. 2009b ). Such patterns have led to the hypothesis that there may be an important trophic link between CH 4 -oxidizing bacteria (MOB) and crustacean zooplankton, at least in some lakes at certain times of the year (e.g. Bastviken et al. 2003 , Taipale et al. 2007 ). Therefore, Brandywine Lake provided us with an opportunity to mechanistically explore interactions between MOB and Daphnia using molecular analyses and bioassay experiments. Although MOB were present in the water column, we were unable to detect a physical association between MOB and Daphnia. These results indicate that MOB were probably a minor component of Daphnia diets and that a MOB-daphnid symbiosis was most likely absent. Even though our study found evidence for limited flow of CH 4 -derived carbon to Daphnia, results of our bioassay experiments support some studies that suggest crustacean zooplankton have the potential to impose strong top-down control on MOB activity ).
Water-column distribution and abundance of MOB
Because aerobic methanotrophy typically requires O 2 as an electron acceptor and CH 4 as a carbon/energy source, we predicted that the maximum MOB densities would be found at the depth with the highest O 2 and CH 4 concentrations. Dissolved oxygen in Brandywine Lake had an initial drop-off at 2.5 m, but remained at intermediate levels (75 to 100 µmol l -1 ) until 5.5 m where conditions became anoxic ( Fig. 2A) . In contrast, CH 4 concentration peaked at 5.5 m. The water-column MOB seemed to track the CH 4 profile, but with a slight spatial lag, such that they reached their maximum abundance (3% of the bacterial community) at a slightly shallower depth (5 m). This distributional pattern could either reflect the O 2 requirements of MOB or the potential depletion of CH 4 by MOB at their optimal depth.
Previous molecular studies in pelagic systems have documented the dominance of Type I MOB over Type II MOB (e.g. Eller et al. 2005 , Lin et al. 2005 . Consistent with this pattern, we found that Type I MOB were ≥20-fold more abundant than Type II MOB in Brandywine Lake. Within the Type I MOB, growing evidence suggests that Methylobacter-related taxa are common in stratified lakes (Kojima et al. 2009 , Taipale et al. 2009a ). Our qPCR results generally support these observations, but indicate that Methylococcus-related taxa can also be an important component of the Type I MOB community. Specifically, Methylobacter-related taxa dominated at greater depths, whereas Methylococcus-related taxa were more abundant at shallower depths (Fig. 2B) . This distributional pattern is suggestive of niche partitioning, which may reflect ecophysiological specialization. For example, variability in O 2 and CH 4 concentrations within the water column ( Fig. 2A) vertical distribution of Type I MOB if there are consistent differences in the forms (i.e. soluble vs. particulate) or affinities of the methane monooxygenase used by Methylobacter and Methylococcus. Such mechanisms have been used to help explain the composition of terrestrial MOB and their associated enzyme kinetics in upland and lowland soils (Bender & Conrad 1992 , Baani & Liesack 2008 . Lastly, it is worth noting that there are distinct differences in the profiles of functional genes (i.e. soluble methane monooxygenase, ribulose-1, 5-diphosophate carboxylase, and nitrogenase) for the Methylobacter-and Methylococcus-type strains (Hanson & Hanson 1996) . If conserved for all Methylobacter and Methylococcus, these genomic differences could have implications for the depth-specific fitness of MOB in the water column.
We detected a significant, but relatively weak, inverse correlation between MOB abundance and δ 13 C POM . This result provides some of the first evidence that MOB may influence the isotopic composition of the putative food source (i.e. POM) of pelagic zooplankton. In contrast, MOB abundance was not correlated with δ 13 C DAPH . There are multiple potential explanations for this lack of pattern. (1) Although Daphnia are often considered generalist grazers, they can exhibit 'non-random' feeding behaviors, either through selection of food particles or through patterns of vertical migration (Kerfoot & Kirk 1991 , Lampert & Sommer 1997 . (2) Owing to differences in the dimensions of our sampling devices, we were only able to sample Daphnia at 6 depths, whereas POM was sampled at 13 depths. Thus, we had reduced statistical power to detect a correlation between MOB abundance and δ 13 C DAPH along the depth profile. (3) Although our molecular analyses are extremely sensitive for detecting the presence of MOB, these methods would not be able to track the flow of CH 4 -derived carbon if intermediate consumers (i.e. heterotrophic flagellates and ciliates) are an important trophic link between MOB and Daphnia. Phospholipid fatty acids (PLFA) would serve as a conservative microbial tracer if Daphnia consumed protists that grazed on MOB. An inverse relationship between δ 13 C DAPH and the percent of PLFA from MOB in a Finnish lake suggests that intermediate consumer links may be important for the flow of CH 4 -derived carbon in planktonic food webs (Taipale et al. 2009b ).
Daphnia -bacterial associations
Numerous studies have demonstrated that bacteria can have strong physical associations with crustacean zooplankton (e.g. Grossart et al. 2009 ), including Daphnia (Rodrigues et al. 2008) . Similarly, our results indicate that bacteria (based upon 16S rDNA PCR product) were present in both gut-evacuated (-G) and non-evacuated (+G) Daphnia. These data confirm that bacteria are both physically attached to and present in the guts of Daphnia. In contrast, PCR-based and qPCRbased sampling of D. dentifera for pmoA genes indicated that daphnid-associated MOB were either absent or below our detection limit (10 gene copies) during late summer in Brandywine Lake. Thus, we have no evidence that MOB are either in the guts of Daphnia (+G) or physically attached to Daphnia (-G) in any other way. Although caveats exist when considering PCR-based techniques, these approaches have been successfully used to characterize parasites of Daphnia (e.g. Johnson et al. 2006 ) and potential MOB symbionts of Chironomus plumosus .
A CH 4 -oxidizing symbiont is an alternative explanation for the observed depletion of zooplankton δ 13 C relative to their prey (Lennon et al. 2006) . Strong symbiotic relationships between MOB and invertebrates have been documented at marine hydrocarbon seeps (Childress et al. 1986 , Schmaljohann et al. 1990 ). It seems that anoxic aquatic sediments may serve as an analogous habitat that could select for a symbiotic association between MOB and freshwater invertebrates. However, our bioassay results corroborate our molecular surveys and suggest that Daphnia dentifera in Brandywine Lake lacked a symbiotic association with MOB. Metabolically active Daphnia were incubated in a CH 4 -rich environment with no other food source besides a residual amount of lake water that accompanied the transfer of animals into experimental incubation vessels. We predicted that the +D treatment would have higher rates of CH 4 oxidation, when compared to controls without Daphnia (-D), owing to activity associated with hypothesized MOB symbionts. In contrast, we observed lower rates of CH 4 oxidation in the +D versus -D treatments, suggesting that Daphnia actually had a 'top-down' effect on MOB activity. These results are consistent with a laboratory study that documented grazer control on rates of CH 4 oxidation ).
Synthesis
Together, the results from our stable isotope analyses, molecular approaches, and bioassay experiment suggest that MOB were unlikely to support Daphnia biomass production in Brandywine Lake during the time of our sampling. Some studies have suggested that the contribution of MOB to zooplankton production is temporally variable (Jones et al. 1999 , Grey et al. 2001 , Taipale et al. 2008 . For example, based on stable isotope mixing models, it has been inferred that the maximum consumption of MOB by zooplankton occurs in humic lakes prior to autumnal mixis (Grey et al. 2001 , Taipale et al. 2008 ). Despite our sampling of a very humic lake late in the fall season, we found no evidence that MOB were either consumed by or physically associated with D. dentifera in Brandywine Lake.
Other potential explanations for the observed δ 13 C DAPH patterns include the consumption of greensulfur bacteria (Taipale et al. 2008) or phytoplankton that have fixed 13 C-depleted CO 2 , resulting from heterotrophic respiration (France et al. 1997) . For example, the δ 13 C of dissolved inorganic carbon (DIC) can be as low as -30 ‰ in some lakes (Bade et al. 2004) . Phototrophs that use this DIC should become even more depleted owing to the isotopic fractionation associated with photosynthesis (Hayes 1993 ). This 'CO 2 recycling' may be particularly important in humic systems like Brandywine Lake (Lennon et al. 2006) . Therefore, it is not always necessary to evoke the incorporation of CH 4 -derived carbon to explain the isotopic composition of zooplankton in some lakes (Lennon et al. 2006) .
Although our molecular data suggest MOB are a minor component of daphnid diets, results from our bioassay experiment indicated that Daphnia may have a strong 'top-down' influence on MOB, reducing rates of CH 4 oxidation by up to 25%. Spatially subsidized consumers can derive much of their energy from one prey population and have strong top-down influences on another prey population, a process termed 'apparent competition' (Holt 1977) . Based on the results of our bioassay, it seems apparent competition could occur between epilimnetic phytoplankton and MOB as a result of predation by Daphnia. In this scheme, Daphnia would derive the majority of their energy from the consumption of phytoplankton, but reduce MOB or MOB-grazer population size via grazing pressure. This could occur without Daphnia deriving significant energetic gains from the interaction with MOB or MOB grazers (see Power 1990 ). Thus, it is possible that in addition to having strong top-down control on primary production in aquatic systems (Carpenter & Kitchell 1993) , Daphnia may also influence CH 4 oxidation rates, but further research is necessary to determine whether this is a widespread phenomenon. 
